DPPC with both the acyl chains is saturated and thus solid up to 41 10 . Dipalmitoylphosphatidylglycerol DPPG is negatively charged because of its uncharged glycerol head group 11 . A DPPC-DPPG mixture is the major component of lung surfactant and necessary for the formation of lipidprotein conjugates, such as tubular myelin located in alveoli in the lungs 12 . Thus, physicochemical studies of liposomes composed of biomimetic combinations should be investigated.
pH and temperature can significantly affect the stability of a liposome 8 . Zhang et al. 13 reported that pH and temperature impact the extent of hydrolysis of phospholipids and thus the shelf-life of liposomes. Similarly, Sulkowski et al. 8 found that membrane fluidity increases with increasing pH and temperature; protonation of phospholipids occurs at lower pH values, resulting in favorable hydrogen bonding and an increase in the phase transition temperature 12 . At increased temperature, an associative interaction between phospholipid molecules become less likely, thus resulting in membrane fluidization 8 . Similarly, Began et al. 14 observed that an increase in the temperature of the liposomal system decreased the stability of drug-liposome aggregates. With increasing temperature, hydrocarbon chain packing of the bilayer becomes randomized, thereby reducing membrane rigidity because of pore like defect and bilayer disc formation. This ultimately reduces the stability of a molecular probe or a drug incorporated in the liposome 15 .
Curcumin, a natural polyphenol isolated from the rhizome of Curcuma longa Linn, exerts a number of pharmacological activities such as anti-inflammatory 16 , anti-oxidant 17 , anti-bacterial 18 , anti-HIV 19 , and anticancer activities 20 . However, its poor aqueous solubility limits its effective use as a therapeutic agent 21 . Additionally, its rapid metabolism and elimination contributes to its poor bioavailability 22 . Curcumin is susceptible to hydrolysis and its photolytic degradation in alkaline medium, which results in the formation of other phenolic compounds such as vanillin, 4-dioxo-5-hexanol, trans-6-4 -hydroxy-3-methoxyphenyl -2,4-dioxo-5-hexanol, feruloylmethane, and ferulic acid 9 . Thus, suitable carriers are needed for curcumin to ensure site-specific delivery with improved bioavailability; the use of liposomes has shown promise for this purpose 23, 24 .
Synthetic phospholipid-based vesicles, which are analogous to mammalian cell membranes, are recognized for their capability to act as potential drug delivery systems 5 . These systems have been reported to promote the biological activities of curcumin such as improved drug levels in cells 24 , increased antioxidant activity 25 , anti-angiogenic activity 26 , and anticancer activity 27 , among others. The physicochemical properties of liposomes, including size, surface charge, membrane viscosity, and phase transition temperature, have obvious implications on the stability and bioactivity of loaded therapeutic agents 28 . Thus, studies examining the influence of parameters such as membrane surface charge, composition, pH, and temperature of the dispersion medium, which are responsible for the physicochemical behavior of vesicles, are warranted. However, few systematic studies concerning the effects of surface charge variation on the physicochemistry of liposomes at different pH values and temperatures have been reported. Protonation/deprotonation and variations in viscosity of biomembrane mimetic systems at different pH values have not been systematically investigated. Thus, we investigated the effect of pH, composition, and temperature on the physicochemical behavior of four different biomimetic membranes. Liposomes composed of SPC, DPPC, DPPG, and DPPC DPPG 7:3 M/M were formulated in combination with 30 mole cholesterol. Size, polydispersity index, and zeta potential were monitored by dynamic light scattering DLS . The morphology of the bilayer dispersions was assessed by transmission electron microscopy TEM . Differential scanning calorimetric DSC studies were carried out to determine the phase transition temperature of the bilayer. Membrane polarity and micro-viscosity of the palisade layer were evaluated by fluorescence spectroscopy using curcumin as a probe. The entrapment efficiency of different liposomes for curcumin and in vitro release kinetics studies were conducted to assess the therapeutic effectiveness of curcumin-loaded liposomes. The antibacterial activity of the four systems in combination with curcumin was determined to confirm the properties of curcumin. Studies should be conducted to provide information regarding the optimization of formulation parameters pH and temperature in order to prepare stable curcumin-loaded drug delivery systems.
Materials and methods

Materials
Soy phosphatidylcholine 2R -2,3-di tetradecanoyloxy propyl -2-trimethylazaniumyl ethyl phosphate, SPC was purchased from Calbiochem Billerica, MA, USA . 1, 2-Dipalmitoyl-sn-glycero-3-phosphatidylcholine DPPC , 1,2-dipalmitoyl-sn-glycero-3-phospho-1 -rac-glycerol DPPG , 3β -cholest-5-en-3-ol cholesterol , and curcumin 1,7-bis 4-hydroxy-3-methoxyphenyl -1,6-hepatadiene-3,5-dione were from Sigma-Aldrich St. Louis, MO, USA . Analytical reagent-grade disodium hydrogen phosphate Na 2 HPO 4 .2H 2 O , sodium dihydrogen phosphate NaH 2 PO 4 .2H 2 O , sodium chloride NaCl , HPLC-grade chloroform, and methanol were from Merck Specialities Pvt. Ltd. Karnataka, India . The nonionic surfactant polyoxyethylenesorbitanmonooleate Tween 80 was purchased from Sisco Research Laboratory Mumbai, India . Doubledistilled water with specific conductance 2-4 μS at 25 was used to prepare the solutions. All chemicals were ≥ 99 pure and used as received.
Methods
Preparation of liposomes
Liposomes were prepared using the conventional thin film hydration technique 29, 30 . Phospholipid and cholesterol were dissolved in chloroform and methanol 3:1, v/v in a round bottom flask. The solvent was evaporated on a rotary evaporator at 40 . The resulting thin film was further maintained under a vacuum for 6 h and then hydrated in 10 mM phosphate-buffered saline for 1 h at 70 temperature above chain melting temperature of all lipids . Ionic strength was maintained at 150 mM using sodium chloride. The samples were then frozen at 20 , thawed, and sonicated at 45 using an ultrasonic cleaner ultrasonic power: 150 W . The freeze-thaw-sonication process was repeated for four cycles in order to obtain large unilamellar vesicles. Liposomes were prepared separately using SPC, DPPC, DPPG, and DPPC DPPG as well as 30 mole cholesterol at different pH values 6.0, 7.0, 7.4 and 8.0 . For curcuminloaded liposomes, curcumin was mixed with the lipids in the chloroform: methanol mixture prior to generating the thin film. Dispersions were filtered through 0.45-μm cellulose nitrate membrane filters prior to size and zeta potential measurements. The formation of unilamellar vesicles was confirmed based on the monodispersity in the size distribution by dynamic light scattering studies as well as electron microscopic studies. Notably, further studies such as cryo-transmission electron microscopy or freeze-fracture-transmission electron microscopy studies should be conducted in the future.
Instrumentation
Hydrodynamic diameter d h , polydispersity index PDI , and zeta potential ZP of the liposomes were measured by DLS using the Zetasizer Nano ZS90 ZEN3690 Malvern Instruments, Ltd., Malvern, UK . A He-Neon laser with an emission wavelength at 632.8 nm was used and scattering data were recorded at a 90 angle. The translational diffusional coefficient, D T , is related to the hydrodynamic radius R h of the particles as 31 :
where k B is the Boltzmann constant, T is the temperature of the dispersion medium, and η is the viscosity of the medium. The ZP was measured using folded capillary cells using the Smoluchowski approximation 32 :
where Δv is Doppler shift; V is velocity of the particle movement; n is the refractive index; η is viscosity; θ is the detection angle; λ is the wavelength of incident line; U is electrophoretic mobility; E is the electric field; ζ is zeta potential, and Є is permittivity. PDI and ZP measurements were carried out at 25 ; however, the size of the liposome systems was measured at 25-50 . DLS studies were conducted for three different samples of liposome formulations. The DLS results of each sample were the average of four consecutive measurements.
Liposome morphology was evaluated by transmission electron microscopic studies. A drop of dilute 10 4 M dispersion was placed on a Formver TM carbon-coated 200 mesh copper grid and air-dried 33 . The samples were then analyzed to obtain transmission electron microscopy images using Hitachi H-600 transmission electron microscope Tokyo, Japan operating at 80 kV. In order to provide better contrast, uranyl acetate staining was used.
DSC studies were carried out to determine the chain melting temperature of the liposome bilayer 34 using a differential scanning calorimeter DSC 1, STAR e system, Mettler Toledo, Columbus, OH, USA with a scan rate of 2 / min. The temperature range was set to 15-65 for SPC, DPPC, DPPG, and DPPC DPPG liposomes. SPC, with an unsaturated double bond in one of its fatty acyl chains, was additionally scanned in the temperature range of 25 to 25 . Additionally, 40 μL Al pan, sealed after sample insertion, was used with buffer as a reference. The results of the third scan were reported and further analyzed.
Steady-state fluorescence spectra, as well as fluorescence anisotropy studies, were carried out using a benchtop spectrofluorimeter Quantummaster-40, Photon Technology International, Inc., Monmouth Junction, NJ, USA . Curcumin, which was used as the probe, was excited at 415 nm. Fluorescence anisotropy values were determined using the following equation 35, 36 :
where I VV corresponds to the intensity obtained when the excitation and the emission polarizers were oriented vertically. I VH is the intensity obtained for the vertical excitation polarizer and horizontal emission polarizer. G is the grating correction factor, which is the ratio of instrument sensitivity for vertically and horizontally polarized light. Thus: G I HV I HH 6
Entrapment efficiency EE and release kinetics studies
The amount of curcumin entrapped in liposomes was estimated by using a centrifugation method 37 . Curcuminloaded liposomes were centrifuged at 14,500 g for 1 h in an Eppendorf TM tube to sediment the drug-entrapped liposomes 15 . The sediment was analyzed colorimetrically by dissolving it in an appropriate volume of methanol to quan-tify the encapsulated curcumin. This procedure was used because methanol completely destroys the vesicles, leaving free curcumin 15 . EE for curcumin was calculated as 38 :
where W represents the corresponding weight of curcumin entrapped or total . The in vitro release kinetics of curcumin from liposomes were investigated using the dialysis bag method 39 . A dialysis bag 12 kDa molecular weight cut-off, Sigma-Aldrich was used. While the donor medium contained 5 mL curcumin-loaded liposomes or aqueous curcumin solution control , the receptor compartment contained 20 mL phosphate-buffered saline buffer pH 7.4 with 0.5 Tween-80 and 20 ethanol v/v as a sink at 37 38 . At specific time intervals, 3 mL receptor medium was withdrawn with concomitant addition of the same volume of fresh medium and the aliquots were analyzed colorimetrically.
Antibacterial activity studies
Antibacterial activity of curcumin-loaded liposomes was assessed using the conventional cup-plate method 40 . Nutrient broth and agar were used as the culture growing and solidifying agents, respectively. In the incubated plates, the bacterial suspension 0.1 mL of 5 10 5 CFU/mL was homogeneously spread over the agar surface and then grooves of equal diameter 0.8 cm were made. The plates were incubated at 37 for 24 h.
All experiments, unless otherwise stated, were carried out at a controlled ambient temperature.
Results and Discussion
DLS studies
Hydrodynamic diameter d h , PDI, and ZP of the liposomes were determined with respect to time, temperature, and pH using the DLS method. Figure 1 shows the sizetime correlation of liposomes at different pH levels. Most liposomes passed through the minima because of the structural reorganization of the lipidic components; such behavior for lipidic aggregates formed by forceful dispersion e.g., sonication is not uncommon 29, 41 .The asymmetric unimodal size distribution, representative of the existence of uniform particle size, was established from the autocorrelation curves from the DLS studies as shown in Fig. S1 , supplementary section . The autocorrelation curves were found to be unaffected by pH and lipid composition, indicating the stability of liposomes with respect to the pH and lipid composition. Except SPC, the hydrodynamic diameter of other liposomes did not vary significantly up to 100 days, indicating substantial stability. For SPC, prominent size enhancement after 50 days, particularly at pH 8.0, indicated aggregation. In SPC and DPPC, liposome sizes generally in-creased with increasing pH of the medium. However, the opposite trend was observed for negatively charged liposomes DPPG, DPPC DPPG . These results indicate the existence of inter-vesicle repulsions between SPC and DPPC at acidic pH. At lower pH, the phosphate groups of the lipids, which were protonated, hydrogen bonded with neighboring phospholipid molecules 8 . In contrast, electrostatic repulsion between protonated choline groups was also possible. However, fewer phosphatidylcholine molecules were protonated at pH 6.0 because of the zwitterionic nature of the molecules. Thus, electrostatic repulsion dominates over hydrogen bonding 12 , as supported by the smaller sizes recorded for SPC and DPPC at acidic pH. For DPPG, the extent of protonation was higher than that for phosphocholine. Thus, hydrogen bonding between the neighboring phospholipid molecules likely occurred. Subsequently, the extent of hydration of the phospholipids decreased because of the reduced hydrophilicity of the head groups , resulting in further instability. DPPC DPPG liposomes exhibited the largest sizes at acidic pH. This was because of the dominance of hydrogen bonding over the repulsive forces between phospholipids in the presence of DPPG. However, at neutral and alkaline pH, the repulsive forces between DPPG molecules became predominant, reducing the sizes of the respective liposomes. PDI measures the extent of homogeneity/heterogeneity in the size distribution. Lower PDI values 0.15-0.4 of all liposomes indicate the monodisperse nature of liposomes over the entire pH range Fig. S2 , supplementary section . The PDI value of the liposomes followed the order: SPC DPPC DPPG DPPC DPPG. Temperature 25℃. Figure 2 shows the effect of temperature on liposome size. Liposomes were thermally reversible in the temperature range of 25-50 Fig. S3 , supplementary section for DPPC DPPG as representative . All liposomes exhibited size constriction at 40 , both during the heating and cooling cycles, which correspond to the chain melting temperature of the phospholipid bilayer to be explained later during the DSC studies . Phospholipid bilayers undergo a change from highly ordered gel phase to a fluid phase 42 , resulting in size constriction. It is proposed that because of chain melting, the mutual miscibility among the lipidic components will increase, thereby reducing packing defects. However, further studies are warranted to confirm this. Above the transition temperature, size increases, which were mostly irreversible, occurred because of the increase in liposome volume, which is common for any dispersion 43 . Because of similarities in the hydrocarbon chains 11 except for SPC, the dependence of size variation on temperature was similar for all liposomes. PDI values did not change appreciably with temperature Fig. S4 , supplementary section . The independence of PDI with respect to temperature indicates the absence of aggregation or de-aggregation during the heating and cooling processes.
The ZP of liposomes, a consequence of the formation of the electrical double layer, was also investigated Fig. 3 . Nearly zero ZP values were observed for SPC and DPPC while higher negative ZP values were recorded for the other two systems 44 . The magnitude of the negative ZP for DPPC DPPG liposomes was in between the values for DPPG and SPC/DPPC liposomes. Negatively charged liposomes are expected to be more stable than zwitterionic liposomes 45 . The independence of the ZP on the pH of the medium indicates that varying pH did not significantly alter the electrostatic interaction between phospholipid molecules 46 .
Morphological studies
Representative micrographs of SPC and DPPC DPPG liposomes are shown in Fig. 4 . Spherical morphology was observed for all liposomes. Liposome sizes, as obtained from TEM measurements, were found to be comparable to those determined by DLS. The existence of the bilayer was also observed for some liposomes panel A . Bilayer thickness of the liposomes was found to be 5.6 nm, which is comparable to the literature values 47 . To better understand the formation of unilamellar vesicles as well as the bilayer structure, further studies such as cryo-TEM or FF-TEM should be performed 25 .
DSC studies
DSC studies on the liposomes were performed to understand the bilayer chain melting process. DSC thermograms for SPC and DPPC DPPG liposomes at different pH values are shown in Fig. 5A . Variation in the chain melting temperature with respect to composition and pH for all systems are shown in the inset of Fig. 5A . Thermal transitions with maximum heat flow were broader compared to the literature values. The presence of higher amounts of cholesterol 30 mole resulted in peak broadening 48 . The main phase transition temperature of the liposomes was in the range of 38-50 for the different pH levels as shown in panel A . The influence of pH on the transition temperature also known as the temperature of the maximum heat flow, T m was more significant among negatively charged liposomes. However, no appreciable change in T m was recorded for SPC and DPPC Fig. 5A , inset . Protonation of phosphate groups of the phospholipids occurs at acidic pH to a higher degree, particularly for negatively charged liposomes DPPG , explaining their increased T m values in acidic environments pH 6.0 8, 12, 49 . However, zwitterionic lipids SPC and DPPC are protonated to a lesser extent because of their zwitterionic nature, which is responsible for the insignificant variation in T m at acidic pH. The presence of 30 mole cholesterol also had a significant role in modulating the fluidity/rigidity of the lipid membranes; the rigidifying and fluidizing effect of cholesterol was expected for unsaturated SPC and saturated DPPC membranes, respectively 8 . SPC showed additional peaks with three types of transitions panel B, Fig. 5 . The first endotherm appeared in the temperature range 21 to 18 marked as a , panel B . The second peak appeared in the temperature range of 1-5 marked as c . The exothermic peak, b , appeared in the temperature range 0-4 . The exact T m values were dependent on the pH of the medium. The first endotherm indicates melting of the unsaturated hydrocarbon chain of SPC 38, 41, 50, 51 . The exothermic peak is the Kraft temperature, representing the onset of phospholipid head group hydration. The second endothermic peak occurred because of the melting of water 52, 53 . The appear- ance of a cooling peak was not observed for all systems.
Steady state uorescence spectroscopic studies
Curcumin can act as an ideal molecular probe to understand the physicochemistry of membranes because of the dependence of its fluorescence on the polarity of the surrounding environment 54, 55 . Since the stability of curcumin depends on the pH of the medium 9, 56 , its fluorescence spectra were also recorded at different pH levels Fig. 6A . When excited at 415 nm λ ex , curcumin exhibited weak fluorescence in water, with a maximum λ em appearing at 534 nm. Fluorescence intensity increased with pH, with a progressive shift in the λ em value because of deprotonation of curcumin hydroxyl groups in alkaline media because of its higher pK a values, 8.38, 9. 88, and 10.51 55 . Additionally, the appearance of a small shoulder at 477 nm indicated the chemical degradation of curcumin to smaller molecules 9 . Incorporation of curcumin into liposomes caused fluorescence enhancement with a significant blue shift in λ em values, indicating its transfer to the less polar region of the liposome 15, 24, 57, 58 . These results suggest that curcumin resides in the palisade layer of liposomes because of its amphiphilic nature. With increasing pH, fluorescence intensity decreased Fig. 6B for DPPC DPPG. Other systems exhibited similar behavior Fig. S5 . Curcumin, predominantly in its neutral form at lower pH, binds strongly to liposomes through hydrophobic interactions; thus the fluorescence intensity of curcumin was enhanced in liposomes at lower pH. However, at higher pH, curcumin decomposed from its conjugated diene, leading to poor adherence to the liposomes 56 .
Fluorescence anisotropy studies
Fluorescence anisotropy is directly related to the microviscosity of a medium 11, 59 . Variations in the fluorescence anisotropy r of curcumin, loaded in liposomes, with pH are shown in panel C of Fig. 6 . Increase in the r value of curcumin, when incorporated into the liposome, occurred because of restricted motion, confirming its entrapment 15, 60 . Anisotropy values followed the order: SPC DPPC DPPG DPPG, irrespective of the pH of the medium. DPPC behaved differently than the other systems. SPC, which is fluid at room temperature, is more flexible and permeable 61 than saturated lipids. Thus, the insertion ability of the curcumin molecules into the bilayer core of the SPC liposomes was enhanced compared to other systems. Additionally, the polarity of the head groups of SPC was higher than for other lipids because of unsaturation in one of its hydrocarbon chains 62 . These combined effects result in better adherence of curcumin into the hydrocarbon chains as well as onto the palisade layer of the SPC liposome, respectively 15 . Thus, the movement of curcumin in SPC liposomes is hindered to a greater extent compared to in other systems, explaining the highest anisotropy value of curcumin for the SPC liposomes. The lowest r value for DPPG may have been observed because of similarity in the charge of the probe and the lipid 63 . Anisotropy values for all systems except DPPC increased with pH, possibly because of increased ionization of curcumin, resulting in fewer neutral curcumin molecules available at higher pH 64 . Niu et al. 15 showed that the curcumin molecules in the neutral form at high concentration causes disorder in the packing of lipid bilayers. As minimal numbers of neutral curcumin molecules are present at higher pH, the disruption of bilayer packing is less probable under such conditions compared to the same at lower pH. Thus, at elevated pH, the restriction in rotation of curcumin was enhanced, indicating an increasing tendency of the r value of curcumin with increasing pH. The typical declining trend of r values in DPPC liposomes with increasing pH can be ascribed to the rigid/gel state of DPPC liposomes 61 . The ability of curcumin molecules to penetrate deeper into the bilayer region of the DPPC membrane was less pronounced compared to in the other systems 61 . Thus, the quantitative amount of curcumin molecules adhering to the DPPC bilayer was lower and the concentration of curcumin in the DPPC membrane was presumably not sufficiently high to cause disorder of lipid bilayer packing, as observed for the other systems. With increasing pH, the concentration of neutral curcumin molecules bound to the DPPC bilayer was decreased because of the ionization tendency of the probe. Thus, the freedom of curcumin movement in DPPC liposomes was enhanced, resulting in decreased anisotropy value with increasing pH.
Curcumin entrapment and in vitro release kinetics studies
The EE of liposomes for curcumin is shown in Fig. 7A at different pH. EE values of liposomes, irrespective of the pH of the medium, followed the order: DPPC DPPC DPPG DPPG SPC. SPC is fluid at physiological temperature because of unsaturation in the acyl chains 61 . It is therefore expected that the withholding capacity of the SPC liposome for curcumin is lower compared to other liposome systems. The lowest entrapment efficiency of curcumin in the SPC systems can thus be explained on the rationale described above. DPPC exhibits opposite rigid behavior because of its saturated hydrocarbon chains. Hydrophobic interactions between curcumin aromatic moieties and the acyl chains of lipids was more favorable in DPPC; thus, the liposome entrapped larger numbers of curcumin molecules. DPPG, which is negatively charged, exerts repulsive interactions with curcumin, reducing EE. As expected, the EE of DPPC DPPG showed intermediate behavior between DPPC and DPPG. With increasing pH, the EE of all liposomes decreased because of the deprotonation of curcumin 64 . This resulted in the entrapment of fewer curcumin molecules.
The in vitro release kinetics of curcumin were studied to compare the four different liposomal systems and to define the nature of the release processes. Figure 7B shows a comparison of the cumulative percentage release of curcumin from the liposomes for 80 h. Diffusion of curcumin in aqueous medium across the dialysis bag was also studied as a control. Curcumin release from the liposomes at pH 7.4 followed the order: SPC DPPG DPPC DPPG DPPC. Faster diffusion of curcumin without liposomes compared to that embedded in liposomes demonstrates the sustained release of entrapped curcumin. Thus, liposomes can act as effective drug delivery systems, ensuring the sustained and prolonged release of curcumin 38, 65 . Initially, a burst release was recorded for curcumin in all formulations which occurred because of the release of curcumin adsorbed on the liposome surface as well as the free curcumin molecules. However, a slower and sustained release occurred because of entrapped curcumin in the liposomes. Faster release from SPC occurred because of its reduced tendency to withhold curcumin. Given the fluidic nature of SPC, curcumin can be eluted more rapidly from SPC systems 66 . DPPC liposomes can withhold a larger number of curcumin molecules, resulting in the slowest release rate. DPPG showed an initial burst release 25 which was similar to SPC, but the consistency was different; while the burst occurred at 20 h for DPPG, the burst appeared at 60 h for SPC. This was because of easier detachment of curcumin from negatively charged DPPG liposomes based on charge similarity 65 . Similar to the entrapment efficiency studies, DPPC DPPG liposomes showed an intermediate release profile. To understand the role of membrane micro-viscosity in the release pattern of the drug, the release data of drug were correlated with its anisotropy values in different systems at pH 7.4.These results indicated that the release rate of the drug increased with increasing micro-viscosity anisotropy value of the medium. Although the movement of curcumin in SPC liposomes was restricted to a greater extent highest r value compared to the other systems, the drug release rate was higher for such systems. Similarly, curcumin in DPPC liposomes with minimum hindrance lowest r value showed the slowest release rate. The corresponding drug release behavior was related to the fluidic and gel states of SPC and DPPC liposomes, respectively. These results suggest that the drug release rate was predominantly governed by the lipid composition/nature rather than the binding affinity between curcumin and the lipid bilayer. Data for the drug release profile were fitted to different models, including pseudo-first order, Higuchi, Korsemeyer-Peppas, and Hixson-Crowell using DD Solver 1.0, an Add-In program, and the equations of the respective models are presented below 67 :
Higuchi model:
Korsemeyer-Peppas model: F k k t n 9
Hixson-Crowell model:
Pseudo first order model: F 100. 1 e k 1 .t 11
where F is the percentage of the drug released, k H , k k , k HC , and k 1 are the release rate constants of the Higuchi, Korsemeyer-Peppas, Hixson-Crowell, and pseudo-first order models, respectively, t represents the time lag of the dissolution process, and n is the release exponent obtained from the Korsemeyer-Peppas model. The selection of the these kinetic models on drug release was based on the fact that such models are the most widely studied for drug release through sustained/controlled drug delivery systems 68 . The release kinetics parameters for all models are summarized in Table 1 . The release kinetics of curcumin in all formulations were found to be best fit to the Korsemeyer-Peppas model as indicated from its highest regression values r 2 . In this model, the data obtained from drug release studies were plotted as the logarithm of cumulative percentage drug release versus log time. The release rate constant k KP was found to be higher for SPC, followed by the DPPG, DPPC DPPG, and DPPC systems respectively. The Korsemeyer-Peppas model best-defined the release mechanism of drug through delivery systems as characterized by the release exponent n value determined from the same model. The n value less and greater than 0.5 indicate Fickian and non-Fickian diffusion, respectively. In all investigated systems, the n value was found to be less than 0.5, revealing Fickian diffusion as the predominant drug release mechanism.
Antibacterial activity
Curcumin-loaded nano-particulate systems are reported to exhibit substantial antibacterial activity. Recently, enhanced in vitro antibacterial activity of curcumin-loaded vesicle systems against Propionibacterium acnes in the skin was observed by Liu et al. 69 . The antibacterial efficacy of the liposomes, loaded with and without curcumin, was assessed on gram-negative Klebsiella pneumoniae and Pseudomonas putida and gram-positive bacteria Bacillus amyloliquefaciens and Bacillus subtilis . No antibacterial activity was recorded with liposomes in the absence of curcumin. All liposomes loaded with curcumin exhibited substantial antibacterial activity against gram-positive bacteria; however, the effects on gram negative bacteria were insignificant. Basniwal et al. 23 also demonstrated the pronounced antimicrobial activity of an aqueous solution of nano-curcumin compared to curcumin solution and the activity was more prominent against gram-positive bacteria Staphylococcus aureus and B. subtilis than against gram-negative bacteria. The obtained distinct zones of inhibition 24 h of incubation for B. amyloliquefaciens by curcumin-loaded liposomes SPC and DPPC DPPG are shown in Fig. 8 . The percentage of the inhibition zone, calculated for all systems, was independent of composition, as there was no significant difference between the different systems. Nearly 74 growth inhibition was recorded in each case.
Conclusions
The physicochemical properties of different liposomes, including size, PDI, surface charge, thermal behavior, and membrane micro-viscosity as well as their encapsulation efficiency and release behavior of curcumin, were influenced by liposome composition along with pH and temperature of the medium. All studied liposomes SPC, DPPC, DPPG, and DPPC DPPG were found to be stable in terms of size, PDI, and ZP values. Liposome size did not vary significantly with temperature in terms of composition, albeit a minimum size was observed at 40 , corresponding to Table 1 Release kinetics parameters of the respective models for curcumin loaded liposome.
Liposomes
Pseudo first order Higuchi Korsemeyer-Peppas Hixson-Crowell the phase transition temperature of saturated phospholipids. All systems were more rigid with increasing acidity of the medium based on the DSC results; this was because of increased hydrogen bonding among phospholipid molecules. The maximum anisotropy value of curcumin for SPC liposomes reflected their higher binding affinity compared to the other systems. The increase in membrane micro-viscosity of the vesicles except DPPC with increasing pH of the medium could be rationalized based on the ionizing tendency of curcumin in the basic environment and its ability in neutral form to disrupt bilayer packing at high concentration. EE, however, decreased with increasing pH of the medium because of the acidic nature of the drug. The EE and release kinetics studies showed opposite trends with respect to liposome composition. SPC exhibited the fastest drug release and lowest entrapment efficiency because of its fluid nature. Curcumin-loaded liposomes exhibited pronounced antibacterial activity against the gram-positive bacteria B. amyloliquefaciens. Thus, optimization of the lipid composition and formulation conditions such as pH is necessary to prepare liposomes with enhanced stability and efficient drug carrier properties. In vivo studies of curcumin-loaded liposomes should be conducted to evaluate different pharmacokinetic parameters. 
